Abstract. A Doppler broadening thermometry (DBT) instrument is built based on cavity ring-down spectroscopy (CRDS) for precise determination of the Boltzmann constant. Compared with conventional direct absorption methods, the high-sensitivity of CRDS allows to reach a satisfied precision at lower sample pressures, which also reduces the influence due to collisions. By recording the spectrum of C 2 H 2 at 787 nm, we demonstrate a statistical uncertainty of 6 ppm (part per million) in the determined linewidth values by several hours' measurement at a sample pressure of 1.5 Pa. The influence on the spectroscopydetermined temperatures has been investigated, including the "hidden" weak lines overlapped with the selected transition for DBT measurements. The reproducibility has also been examined to be better than 10 ppm, and it indicates that the instrument is feasible for DBT measurement toward a precision at the ppm level.
Introduction
The kelvin unit will be redefined on an exact value of the Boltzmann constant k B [1] , which directly relates the thermodynamic temperature to thermal energy. The present CODATA [2] recommended value of k B is 1.3806488(13) × 10 −23 J/K, inferred from a group of results obtained from the acoustic gas thermometry (AGT) [3, 4, 5, 6, 7, 8] , the refractive index gas thermometry (RIGT) [9] , and the Johnson noise thermometry (JNT) [10] . The combined relative uncertainty of k B is 0.91 ppm. The contributions from AGT results in present k B value are dominant since their uncertainties are much smaller than those from other methods. A value with an uncertainty of 0.71 ppm based on AGT method has been recently reported [11] . It also brings the concern that the new value of k B may be solely determined from AGT measurements. In order to avoid the risk of unrevealed systematic deviation in single method, measurements using alternative methods other than AGT and with sufficiently low uncertainty (< 7 ppm) is needed.
Doppler Broadening Thermometer (DBT) is an optical method to determine the product of k B and the thermodynamic temperature T from the Doppler width of a transition of atoms or molecules in thermodynamic equilibrium. The Doppler width, γ D (full width at half maximum, FWHM), relates with k B T following the equation:
In Eq. 1, c = 29979.2458 m/s, the speed of light, is a constant without uncertainty, m is the mass of the molecule, known with a relative accuracy of 10 −8 for quite a few atoms and molecules, and the central frequency of the transition ν 0 can be measured with a relative accuracy better than 10 −9 . Therefore, precise measurements of the sample temperature T and the Doppler width of the transition will result in a spectroscopic determination of k B . First DBT determination of k B was demonstrated by Daussy et al. in 2007 . By measuring a NH 3 line near 10 µm, they determined the k B value with a relative uncertainty of 2×10 −4 [12] , and later on 5 × 10 −5 [13, 14] . The Italian group at Seconda Università di Napoli recently improved the accuracy to 24 ppm [15] by measuring an absorption line of H 18 2 O near 1.39 µm. The reported DBT results are mostly based on direct absorption spectroscopy. We proposed to use Cavity Ring-Down Spectroscopy (CRDS) for DBT measurements [16] . CRDS was first implemented by O'Keefe and Deacon [17] in 1988. It determines the absorption of gas samples by measuring the decay rate of the light emitted from a resonant cavity composed of two high-reflectivity (HR) mirrors. Because photons travel between the HR mirrors so many times before they escape from the cavity, the equivalent absorption path length is significantly enhanced in CRDS. The absorption coefficient α can be derived from the equation:
where τ and τ 0 are the ring-down time with and without absorption, respectively. The ultra-high sensitivity of CRDS is particularly important for DBT studies.
First, it allows to measure absorption spectra at a low pressure. Since the spectrum should be recorded at certain pressures to acquire sufficient signal-to-noise ratio in DBT measurements, the line-shape in the recorded spectrum is a convolution of Doppler broadening and pressure broadening.
It is further complicated by speeddependent collisions which correlates the Doppler shift and the collision-induced effects. Despite that various line-shape models have been developed (see Refs. [18, 19, 20] and references therein), it remains a great challenge to validate realistic line profiles from observed spectra. Moretti et al. reported the most precise DBT result to date [15] , in which a leading uncertainty of 15 ppm is due to the lineshape model applied in fitting the spectra obtained at sample pressures of a few hundred Pa. Therefore, it is necessary to record spectra at pressures as low as possible to minimize the influence from collisioninduced effects. Second, it provides necessary high "vertical" resolution. A DBT measurement with part-per-million (ppm) accuracy requires detecting spectral profiles with comparable precision. CRDS has allowed an unprecedent sensitivity to the level of 10 −11 cm −1 Hz −1/2 . [21, 22, 23] As a result, spectra with considerably high signal-to-noise ratio can be recorded by CRDS at very low sample pressures. In CRDS, the detection of trace absorption is converted to monitoring changes in the decay time of the cavity (Eq. 2), which also leads to an enhancement of the dynamic range of the detection. In addition, CRDS also allows to use a relatively smaller volume of sample gases compared to multi-pass configurations. It eventually reduces the difficulty in maintaining the sample cell at an uniform temperature.
In this report, we present a CRDS instrument combined with a temperature-stabilized sample cavity devoted for DBT studies. An infra-red ro-vibrational transition of C 2 H 2 was studied to demonstrate the capability of the instrument. A statistical uncertainty of 6 ppm has been achieved in the line widths derived from the spectra recorded in a few hours. The stability and reproducibility are investigated by measuring the spectroscopy determined temperatures in the range of 299 -306 K. The results indicate that a CRDS-based The configuration of the experimental setup for CRDS-DBT. The abbreviations are as following: AOM, acousto-optical modulator; EOM, electro-optical modulator; Det, detector; PZT, lead zirconate titanate piezoelectric actuator; ULE-FPI, Fabry-Perot interferometer made of ultralow-expansion glass.
instrument could be promising for DBT measurement toward the one-part-per-million accuracy.
Experimental details
The configuration of the experimental setup is presented in Fig. 1 . The spectroscopy part of the instrument is close to that given in Refs. [24, 25] . A reference laser is locked on a longitudinal mode of a Fabry-Perot interferometer (FPI) using the PoundDrever-Hall method [26] . The slow and fast feed-back control signals are delivered to the laser controller and an acousto-optical modulator (AOM1), respectively. The FPI is made of ultra-low-expansion (ULE) glass, installed in a vacuum chamber, and thermo-stabilized at 29
• C, a magic temperature that the thermoexpansion coefficient of the ULE-FPI is close to zero. The frequency drift of the longitudinal modes of the ULE-FPI has been estimated to be less than 1 kHz by comparing to atomic transitions [25] . A Ti:Sapphire laser (Coherent MBR 110) is used as the probe laser for cavity ring-down spectroscopy. Its frequency is calibrated by measuring the beat frequency between the probe laser and the reference laser. Another AOM (AOM2) is used as an optical switch. The high-finesse ring-down cavity is composed of a pair of mirrors with a reflectivity of 0.99995. The ring-down signal is detected by an avalanche photo-detector.
The ring-down cavity, 50 cm long, made of aluminum, is installed in a vacuum chamber. Two layers of aluminum shields are used between the ringdown cavity and the vacuum chamber. On the outside layer, two heating wires respectively controlled by two feedback circuits are used to maintain a temperature stability of about 10 mK. The inner layer is used as a heat shield which also helps to reduce the temperature gradient along the cavity. Two platinum thermal sensors are attached on the wall at both ends of the 50-cm-long ring-down cavity, separated by 40 cm. The sensors and the readout (MKT50, Anton Parr) have been calibrated in National Institute of Metrology (Beijing, China). Fig. 2 shows the recorded temperatures given by the two sensors. The temperature fluctuation was less than 5 mK during 100 hours. The recorded temperature difference between two sensors is only 0.3 mK, which is actually below the calibration accuracy (0.5 mK). It indicates an uniform temperature along the whole ring-down cavity.
Results and discussion
An example of the recorded spectrum of the C 2 H 2 line at 12696.4 cm −1 is shown in Fig. 3 . The transition is the R(9) line in the ν 1 +3ν 3 band of 12 C 2 H 2 . The sample pressure was 1.5 Pa. It took about 2 minutes to record the spectrum (one scan). Different line profiles, Gaussian, Voigt, and Rautian, were applied to fit the spectrum, and the fitting residuals are presented in Fig. 3(b) , (c), and (d), respectively. Note that the amplitudes of the fitting residuals are similar from these very different models. The reason is that at such a low pressure, collision-induced effects just have minor contributions in the line profile. According to the pressure-broadening coefficient given in Refs. [27, 28] , the Lorentzian-type pressure-broadening linewidth (FWHM) is only 0.137 MHz at 1.5 Pa, which is only about 0.01 % of the Gaussian-type Doppler width. The Gaussian width can be derived from fitting of each spectrum. There is a notable differences among the Gaussian widths obtained from different line profile models. Such influence will be discussed later.
About 120 values of the Gaussian widths γ D derived from fitting the spectra recorded in several hours are depicted in Fig. 4 . Voigt profile was applied in the fitting. A statistics of the values gives an averaged Gaussian width of 926.051 ± 0.006 MHz, with a relative uncertainty of 6 ppm.
We also analyzed the data using the Gaussian and Rautian profiles, the results are given in Table 1 . The differences among the results using different line profile models are about several tens parts per million. It gives roughly an upper limit of the uncertainty due to inaccurate lineshape model applied in the fitting. The uncertainty can be further reduced by using more sophisticated line profile models following the studies presented in Refs. [15, 29, 30, 31, 32] . The stability and reproducibility of the instrument are investigated by more measurements carried out at different temperatures between 299 K and 306 K. Both temperatures derived from the C 2 H 2 spectra (T spec ) and that from the thermal sensors (T therm ), are shown in Fig. 5 . A statistics of the 626 data in total shows that the mean ratio of T spec /T therm is 1.001 732 (9) . The relative statistical uncertainty is 9 ppm, agreeing with the uncertainty from the spectroscopy measurement. However, there is a systematic deviation of 0.17 %, which is considerably larger than expected: the uncertainty in T therm should be less than 3 ppm, and the deviation due to improper line profiles should be less than 100 ppm (see Table 1 ).
The reason could be that the spectrum shown in Fig. 3 is not really due to an isolated C 2 H 2 line. We carried out a spectral scan around this line with much higher acetylene sample pressures. A piece of the spectrum recorded at 1.7 kPa is shown in Fig. 6 . At such a high pressure, the central parts of the strong lines shown in the figure are out of the dynamic range. The positions of these strong lines are marked in Fig. 6 , and they have been reported in our previous study [33] . As shown in the figure, many weak C 2 H 2 lines are located in the region. They may be lines of different vibrational bands, hot bands, or due to minor isotopologues, and their positions have not been reported before. Due to the high density of lines, there could be very likely weak lines "hidden" in the vicinity of the much stronger R(9) line. The situation is similar for other strong lines in the ν 1 + 3ν 3 band. Any "hidden" weak lines overlapped with the target line but hardly to be included in the spectral fitting will lead to considerably overestimated Gaussian line width from the fitting. In this respect, it is necessary to use a really isolated line for precise DBT measurements. For a polyatomic molecule like C 2 H 2 , the density of rovibrational transitions could be very high, since a dynamic range of six orders of magnitudes needs to be considered to secure a precision of 1 ppm. We plan to replace the "target" line with a ro- vibrational line of CO in the 1.5 µm region. The rovibrational transitions of CO have been well studied, including very weak hot bands and the lines from minor isotopologues [34, 35] , which allows to use a really isolated line for high-precision DBT studies. Fig. 7 shows the spectrum of the R(9) line in the second overtone of 12 C 16 O recorded by a CRDS instrument based on a distributed feed-back diode laser [23] . The line is located at 6383.08 cm −1 , with a line intensity of 2.034 × 10 −23 cm/molecule, which is similar to the C 2 H 2 line shown in Fig. 3 . Because the central part of the line is too strong to be detected at a sample pressure of 0.5 kPa, only wings of the line are shown in Fig. 7 . By comparing the observed spectrum and a simulated one, we cannot find any evidence of other unknown transitions of CO within a range of 20 GHz around the line center. Therefore, this line could be a good candidate for DBT measurements.
Conclusion
Cavity ring-down spectroscopy (CRDS) can be applied as an optical thermometry by measuring the Doppler width of an absorption line of atoms or molecules. Its high sensitivity allows to detect precise line profiles at relatively low sample pressures. As a demonstration, using a thermo-stabilized ring-down cavity, the acetylene spectrum near 787 nm was recorded at a sample pressure of 1.5 Pa, and the R(9) line in the ν 1 + 3ν 3 band of C 2 H 2 was selected as the "target" line for DBT measurements. The Gaussian width has been determined with a statistical uncertainty of 6 ppm through about 120 scans of the spectrum recoded in about 5 hours. The temperatures determined from the Gaussian width indicate a statistical uncertainty of less than 10 ppm, but with a systematic deviation of 1700 ppm compared to the readings from calibrated thermal sensors. We conclude that the reason could be a result of "hidden" weak lines overlapped with the target line. The assumption is supported by the spectrum recorded at high sample pressures, which reveals many lines thousands of times weaker than the known 12 C 2 H 2 lines in this region. The presence of such weak lines, some of which could be very close to the selected target line, may distort the detected lineshape and result with an increased line width derived from the spectral fitting.
In summary, our preliminary attempt to apply a CRDS-based instrument for DBT studies shows that a statistical uncertainty of a few ppm is feasible, which makes it a promising technique to determine the Boltzmann constant. The superior sensitivity of CRDS allows to detect the spectrum at very low sample pressures, which will reduce the systematic uncertainty due to incomplete knowledge on the collision-induced line profiles. Concerning the "hidden" weak lines problem due to the complexity in the spectra of polyatomic molecules, lines of diatomic molecules may be more suitable for DBT measurements toward the precision of 1 ppm. We are building a new CRDS system combined with a ring-down cavity thermostabilized at the temperature of the triple point of water. A ro-vibrational line of CO will be used as the "target" line for the determination of k B .
